To develop long-life welded bellows for use under different pressure conditions, that is, atmospheric pressure and a high vacuum applied to the inside and outside of the welded bellows, respectively, a deformation analysis of welded bellows (Hastelloy C-22, 460 mm in external diameter, 370 mm in internal diameter, 0.475 mm in thickness) is performed by elastoplastic finite element analysis. The simulation results are as follows. In a conventional welded bellows used in an external-vacuum and internal-atmospheric-pressure environment, the external straight portion forms a vertical opening due to the pressure difference. The opening angle decreases by forming a slope on the external straight portion. The stress amplitude that occurs during the compression of a conventional welded bellows reaches its maximum in the vicinity of the external weld. The maximum value also decreases by forming a slope on the external straight portion. Fatigue life testing is performed on bellows produced on the basis of the simulation results. It is confirmed by fatigue life testing that forming a slope on the external straight portion is effective for extending the life of the bellows.
Introduction
Welded bellows are made by alternately welding the inner and outer perimeters of doughnut-shaped thin metallic disks (diaphragms) press-formed into the shape of a waveform. 1) The bellows have the following characteristics. Welded bellows have broad material property selectivity compared with hydroformed bellows and rolled-formed bellows. The high dimensional precision of the inner and outer diameters makes the prediction of the spring properties straightforward. Since the diaphragms can come in contact with each other during compression, large displacement volumes are possible. Therefore, they are used, for example, as the reciprocating components of vacuum equipment, such as semiconductor manufacturing equipment. With the recent transition to large-scale semiconductor manufacturing equipment, correspondingly larger welded bellows have been developed, and there is strong demand for welded bellows of even higher strength and longer life.
In the research on welded bellows, stress and strain have been theoretically analyzed on the basis of elastic shell theory. 2, 3) Also, the fatigue life of welded bellows with a small diameter (30.15 mm outside diameter) has been analyzed in detail. The fatigue life characteristics for diaphragms combining different materials and types of welds made in a shut-mouth pattern have been investigated using values of the stress amplitude obtained from experiments and finite element analysis under conditions of internal hydraulic pressure. [4] [5] [6] [7] To clarify the optimal cross-sectional shape for extending the life of large welded bellows (460 mm in external diameter) used in an external-vacuum and internal-atmospheric-pressure (vacuum-atmosphere) environment, in this study a new inclined shape for the external edges has been designed on the basis of the results of deformation analysis performed by the elastoplastic finite element analysis of welded bellows (material: Hastelloy C-22) having five circular arcs. The deformation behavior and the stresses that occur during deformation are compared with those of conventional welded bellows. Also, the effect on the fatigue life of the inclination angle of the external edge is investigated. At the same time, the weld quality is verified and fatigue life testing is performed. In this paper we discuss these results. Figure 1 shows the initial cross sections of the welded bellows used in the analysis. The method of construction is as follows. First, a doughnut-shaped flat plate is shaped by pressing into two types of waveforms. These two types are referred to as Diaphragm A and Diaphragm B. The crosssection contour of these diaphragms consists of two straight lines and five arcs. Next, the welded bellows are fabricated by alternately welding the inner and outer perimeters of each diaphragm using a YAG laser. The type of welded bellows that we investigated is used as the reciprocating components of vacuum equipment. Diaphragm A and Diaphragm B form a single pair, and the bellows are constructed from 45 such pairs, that is, 90 diaphragms. The required stroke is 200 mm, and the required fatigue life is 500,000 cycles; however, our aim is to improve this to 1 million cycles. In the analysis, due to computational limitations, welded bellows constructed from 5 pairs, that is, 10 diaphragms, are analyzed. The stroke for the bellows with five pairs is 22.2 mm. The type 1 bellows shown in Fig. 1(a) is a conventional bellows. The type 2 bellows shown in Fig. 1(b) is a bellows whose cross sectional profile has a new shape with a downward slope on the straight portion of the outside edges. This type of bellows is referred to as on ''inclined bellows.'' As the inclination angle, , is increased, the vertical motion of the diaphragm interferes with the outer edges during maximum compression, limiting to 30 ; therefore, we consider inclination angles of 20 and 30 for the type 2 bellows. The bellows material used in this study was Hastelloy C-22, and its chemical composition is shown in Table 1 . Test pieces were cut from a flat plate, and the mechanical properties were measured by tensile tests, the results of which are shown in Table 2 . The deformation of the welded bellows was considered to be primarily within the elastic region, and in the analysis, the mechanical properties of the welded bellows were assumed to be the same as those of the flat plate.
Method of Calculation and Experimentation
The calculation method and analysis procedure are as follows. The analysis was performed using a three-dimensional elastoplastic small-deformation finite element simulator 8) with shell elements (4-node quadrilateral isoparametric elements), with the assumption that no vertical stress arises in the thickness direction. Only a region defined by an angle of 0.5 in the circumferential direction was modeled; in the cross-sectional plane, the degrees of freedom corresponding to the circumferential translation of nodes and outof-plane rotation were constrained so that the equivalent of an axisymmetric analysis was performed.
The analysis procedure and boundary conditions are shown in Fig. 2 . A deformation analysis was first performed for vacuum-atmosphere conditions. In particular, the nodes of the upper and lower edges (the regions 0.45 mm from the diameters of the upper and lower edges, respectively) were fixed. The deformed shape was calculated by imposing an external force calculated from the pressure difference and surface area of each element as a boundary condition. Next, as shown in Fig. 2(b) , the deformation analysis of the compression process was performed by imposing a downward velocity V z as the boundary condition of the upper edge. Then, when the bellows deforms, the direction of the external force acting on each node changes. Therefore, the external force is adjusted at every step of calculation. The deformed shape, when the deflection, d, of the upper edge is equal to that for a stroke of S ¼ 22:2 mm, is the shape under maximum compression, and the calculation is completed. The contact between the diaphragms is judged to occur when the slave nodes pass through the corresponding diaphragms, and the boundary conditions shown in Fig. 2 are then imposed on the master node corresponding to its slave node. Friction is not considered at the point of contact. Also, when the force normal to the contact surface of the corresponding master node at the contact point is in tension, the separation is evaluated. The model consisted of 1789 elements (3580 nodes); and the entire process was repeated for about 250 steps. Trial bellows were produced on the basis of the simulation results, and fatigue life testing was performed on the type 1 bellows and the type 2 bellows with ¼ 20
. Figure 3 shows an outline of the durability testing equipment. The tested bellows were made of 20 pairs, that is, 40 diaphragm plates. Durability testing was conducted with a stroke of 88.8 mm for 40,000 cycles and was performed under a vacuumatmosphere condition, which is the typical condition when bellows are used as the reciprocating components of vacuum equipment.
To inspect the weld quality, hardness tests were performed on the welded portion, the heat-affected zone, and the base metal, and metallographic inspections were conducted using a scanning electron microscope (SEM) and an electron probe microanalyzer (EPMA). The laser output used for the welding was 350 W and the welding velocity was 200 mm/min.
Results and Discussion

Deformation shape (simulation results)
For conventional welded bellows used in a vacuumatmosphere environment, the area adjacent to the external welded portion is often reported by manufacturers and users to experience fatigue fractures. Therefore, the external welded portion was considered in particular detail.
The deformed shape for a compression ratio of d=S ¼ 0 (ratio of deflection of the upper edge, d to the stroke, S) is a typical example of the shape under vacuum-atmosphere conditions. Figure 4 shows the distributions of the radial displacement dr and the displacement in the height direction dz calculated for the conventional type 1 bellows and the inclined type 2 bellows for ¼ 30
. In the conventional type 1 bellows, the displacements of Diaphragm A and Diaphragm B in both the upward and downward directions are large for the range 198 mm < r < 222 mm due to the pressure difference between inside and outside the bellows, as shown in the distribution of dz in Fig. 4(a) . Consequently, the straight portion (r > 225 mm) on the external edge forms a vertical opening (see the schematic in Fig. 6(a) ). In the inclined type 2 bellows, Diaphragm A undergoes a considerable displacement in the downward direction for r < 225 mm, as shown by the distribution of dz in Fig. 4(b) . Consequently, as for the type 1 bellows, the straight portion on the external side forms a vertical opening (see the schematic in Fig. 6(b) ). On the other hand, for both type 1 and type 2 bellows, the radial displacement dr spans the entire range of the bellows and is fairly small. Figure 5 shows the transition of the opening angle of the straight portion on the external edge during the compression process. was calculated by connecting, with straight lines, the node at r ¼ 229:8 mm and the node at r ¼ 225:5 mm of the welded portion of pair No. 4 of Diaphragm A and pair No. 3 of Diaphragm B, respectively, and calculating the angle made by these straight lines. The opening angle of both type 1 and type 2 bellows decreases with increasing compression ratio d=S during the compression process; however, the angle of the type 2 bellows is smaller than that of the type 1 bellows, particularly for ¼ 30 . The reason that the inclination of the straight portion of the external edge reduces angle is as follows. In the vacuum-atmosphere environment, the force acting on the straight portion of the external edge is shown in the schematic of Fig. 6 . In the conventional type 1 bellows, as shown in Fig. 6(a) , the external force F due to the pressure difference acts in the vertical (z) direction. On the other hand, in the inclined type 2 bellows, as shown in Fig. 6(b) , the external force F acts in a direction that differs from the vertical by roughly ; therefore, a radial force component (in the r direction) and a vertical component (in the z direction) of the external force F can be considered to act on the straight portion on the external edge of the type 2 bellows. Note that the welded bellows are easily displaced in the direction of compression but are difficult to displace in the radial direction. In Fig. 4(b) for the type 2 bellows, when ¼ 30 the radial displacement dr becomes approximately zero on the external straight portion. Because of this high rigidity in the radial direction, the opening angle of the type 2 bellows is smaller than that of the type 1 bellows.
Stress (simulation results)
In this study, we evaluate the change in the stress components in the meridian direction (the direction along the diaphragm contour; the m direction), the circumferential direction ( direction), and the thickness direction (t direction). Figure 7 shows the radial distributions of the meridian stress ' m and shear stress ( mt at pair No. 3 of Diaphragm B for compression ratio d=S ¼ 0 under vacuum-atmosphere con- Fig. 5 , this corresponds to the fact that for a compression ratio of d=S ¼ 0, the opening angle of the straight portion of the external edge is smaller for the type 2 bellows than for the type 1 bellows and decreases with increasing . Figure 8 shows the radial distributions of ' m and ( mt at pair No. 3 of Diaphragm B for a compression ratio of d=S ¼ 1:0 under maximum compression. For both the type 1 and type 2 bellows, the absolute values of ' m and ( mt at r ¼ 230 mm on the welded portion on the external edge become small, and these values are considerably less than the maximum values for the compression ratio of d=S ¼ 0 shown in Fig. 7 . As shown in Fig. 5 , this corresponds to the fact that the opening angle becomes 0 for the straight portion of the external edge for a compression ratio of d=S ¼ 0. On the other hand, at r ¼ 191 mm, Diaphragm B is bent back considerably due to the compression process and exhibits its maximum absolute value of ' m in each layer. This value is higher for the type 2 bellows than for the type 1 bellows and increases with . At r ¼ 191 mm, the ratios of the equivalent stress ' E to the yield stress ' Y , namely ' E =' Y , for the type 1 bellows, the type 2 bellows with ¼ 20
, and the type 2 bellows with ¼ 30 were found to be ' E =' Y ¼ 0:68, 0.74, and 0.82 for the layer on the atmospheric-pressure side and ' E =' Y ¼ 0:78, 0.82, and 0.87 for the layer on the vacuum side, respectively. These values show that by forming a slope on the straight portion on the external edge, its rigidity increases, and the deflection in the vicinity of the weld on the external edge is suppressed slightly; in contrast, however, the deformation in other regions becomes large. For the case of a bellows with a downward slope on the straight portion on the external edge, it is necessary to pay particular attention to the deformation on the internal edge.
The radial distributions of the stresses ' m and ( mt in Diaphragm B are found to follow the same trends as those in Diaphragm A.
Under all conditions considered in this study, the value of ' E in all regions is smaller during compression than ' Y ; therefore, all deformation is in the elastic region. It is assumed that by forming a slope on the straight portion on the external edge, plastic deformation may occur elsewhere; thus, finite element analysis assuming on elastoplasticity was performed; however, for the scope of this study, analysis assuming elasticity is sufficient.
It is thought that the fatigue life is affected by the stress amplitude induced during compression. Consequently, attention must be paid to the welded region of the external edge, at which the stress amplitudes of both ' m and ( mt in the conventional type 1 bellows reach their maximum values. Figure 9 shows the transition of the meridian stress ' m , the circumferential stress ' , and the shear stress ( mt arising in the layer on the atmospheric-pressure side of Diaphragm B at the external welded portion during compression. Likewise, Fig. 10 shows the transition of the equivalent stress ' E . The stress values are shown as ratios to the yield stress ' Y or the shear stress ( Y . For the compression ratio of d=S ¼ 0, the external straight portion forms a vertical opening, and the absolute value of stress shows a maximum value for both the type 1 and the type 2 bellows. As the compression ratio d=S increases, the vertical opening in external straight portion closes, thus the absolute value of each stress is reduced. Figure 11 shows the relation between the amplitude (the difference between the maximum and minimum values) of each stress during compression and the inclination angle of the external straight portion. The value of each stress amplitude decreases as increases. From the results it is clear that forming a slope on the external straight portion extends the fatigue life. 
Durability test (experimental results)
For the conventional type 1 bellows and the inclined type 2 bellows with ¼ 20
, four of each type of welded bellows were constructed and fatigue life testing was conducted. As a result, the conventional type 1 bellows experienced fatigue fracture after 1 Â 10 5 {3 Â 10 5 cycles. Figure 12 shows a typical cross section of a fatigue fracture of the welded type 1 bellows. All of the four test pieces of the type 1 bellows fractured at the heat-affected zone of the base metal adjacent to the weld metal in the external welded region. For the welded type 2 bellows with ¼ 20
, none of the four test pieces had fractured after 1:2 Â 10 6 cycles; thus, we achieved our aim of 1 million cycles. The fabrication of a welded bellows with ¼ 30 was also attempted, but welding was difficult due to the unsuitable shape of the fixture holding the bellows during the welding process. In the future, more improvements to the welding technique, including fixture improvements, are necessary.
Since fatigue test data for the material and plate thickness used in the bellows were not available, it was difficult to estimate the fatigue life from the stress amplitude obtained from the analysis. In the future, thin-plate fatigue testing to obtain fatigue test data is necessary.
Thermal effect of welding (experimental results)
When considering fatigue fracture in the vicinity of the welded region, the thermal effect of welding is a serious problem. Figure 13 shows the Vickers hardness distribution in the vicinity of the external welded portion of the welded bellows used in this study. The measurements show the hardness of the weld metal for Ár > 0 and the base metal for Ár < 0, with reference at the location of the boundary between the weld metal and base metal. The hardness of the base metal portion is approximately HV230, compared with approximately HV250 in the region À5 mm < Ár < À0:1 mm; therefore, in the heat-affected zone, the hardness is observed to increas. However, the difference in the hardness between the base metal and the metal in the heataffected zone, HV20, is small. As a result of investigating the metal composition by SEM photography, no growth of crystal grains or microcracks in the heat-affected zone adjacent to the welded portion could be observed. Also, upon investigating the alloying elements by EPMA, no segregation of Ni, Mo, or Cr in either the base metal or the weld metal was apparent. From these results, the thermal effect of welding is thought to be extremely small.
Conclusion
The deformation analysis of welded bellows was performed by elastoplastic finite element analysis. The simulation results are as follows. In the conventional welded bellows used in a vacuum-atmosphere environment, the external straight portion forms a vertical opening due to the pressure difference. The opening angle decreases by forming a slope on the external straight portion. The stress amplitude that occurs during the compression of a conventional welded bellows reaches its maximum in the vicinity of the external weld. The maximum value also decreases by forming a slope on the external straight portion.
Fatigue life testing was performed on the bellows fabricated on the basis of the simulation result. It was confirmed by fatigue life testing of the welded bellows that forming a slope on the external straight portion is effective for extending the life of the bellows.
